INTRODUCTION
Cueva de Asiul is located in the Matienzo karst depression, Cantabria (N. Spain). The northern coastline of Spain is one of the most southerly locations in Europe to be predominately influenced by North Atlantic sourced weather systems (Gimeno et al., 2010) . This region is therefore ideally placed to record variations in competing air masses and is of critical significance for understanding the role of the North Atlantic in controlling Europe's climate (Baldini et al., 2015) . Current palaeoclimate records from this International Journal of Speleology 45 (1) 1-9 Tampa, FL (USA) January 2016 region are principally derived from lake (GonzalezSamperiz et al., 2008; Morellón et al., 2009; Roberts et al., 2012) or ocean sediments (Martínez-García et al., 2014 , 2015 Mojtahid et al., 2013) , cave speleothems (Dominguez-Villar et al., 2009; Moreno et al., 2010; Stoll et al., 2013; Martinez-Pillado et al., 2014; Baldini et al., 2015) and from archaeological evidence (LopezMerino et al., 2010) . However, few of these records replicate at high resolution over long periods of time. Local sensitivity to atmospheric processes, orographic barriers and at some sites human interference, likely cause discrepancies within the records from this region. The accurate characterisation of northern Iberian climate change therefore requires the further production of high resolution palaeoclimate records from a diverse range of proxies. Situated centrally in the north of the Iberian Peninsula, the Matienzo karst depression offers an ideal location for the preservation of speleothem palaeoclimate records from northern Iberia. The depression houses thousands of caves, which have developed sequentially throughout the last two million years (Waltham, 1981) . This has resulted in an altitudinal controlled sequence of cave systems with the oldest located at the highest altitude within the depression. Speleothem deposits contained within each cave system thereby range in age, potentially dating from the time of the draining of active phreatic levels within the cave systems to the present day. Collectively, the Matienzo depression likely contains speleothem material which is an extraordinary repository of palaeoclimate archives from throughout the Quaternary.
However, to fully understand the climate and site specific karst/ cave processes which may govern the growth and chemical uptake of speleothems, cave monitoring must be undertaken on a site by site basis. In addition to understanding regional weather patterns, this work is focused on two major components of the cave climate system: 1) Soil and karst hydrology: the soil and karst zones facilitate or delay the transfer of rainfall into cave systems and by doing so regulate the timing and delivery of calcium carbonate rich water to actively growing speleothem deposits (Baker et al., 1997; Fairchild et al., 2006; Fairchild & Baker, 2012) . Hydrological changes therefore have the potential to influence both the rate of speleothem deposition and the extent to which speleothems incorporate accurate changes in external climate proxies (Dreybrodt, 1999; McDermott et al., 2004) . 2) Cave ventilation: variations in air exchange between the karst, cave and external environments govern both cave air temperature and the carbon dioxide composition of cave air (e.g., Spötl et al., 2005; Smith et al., 2015) . Whilst caves normally have a relatively stable air temperature, which reflects an average annual external value (Fairchild & Baker, 2012 ) the CO 2 composition of cave air can vary dramatically, both between sites but also at the same site during different times of the year (Mattey et al., 2010) . Cave air CO 2 content regulates the degassing of CO 2 from drip waters and in doing so influences the rate of speleothem growth and potentially the uptake of chemical proxies into the carbonate lattice (Baldini et al., 2010; Mattey et al., 2010) . It is therefore vital that we understand the dynamics of cave air temperature, CO 2 and hydrology before assessing the suitability of speleothem deposits from any given cave as archives of palaeoclimate information. We present three years of detailed cave monitoring from Cueva de Asiul, which allows for the characterisation of Matienzo climate and the cave climate system. This monitoring study underpins our main research goal, to present high-resolution speleothem records, offering information about climate change in northern Iberia and the role of North Atlantic weather systems in controlling European climate through the Holocene.
REGIONAL SETTING AND SITE DESCRIPTION
The production of palaeoclimate records through the analysis of speleothem deposits is becoming increasingly common in north western Iberia, especially so on the northern coastline. This interest has developed due to the regions close proximity to the North Atlantic and the ability of speleothems to record subtle changes in Holocene climatic conditions, linked to major variations in oceanic and atmospheric systems (Baldini et al., 2015) . Currently, these reconstructions are somewhat restricted however, due to regional aridity in the mid Holocene when a large number of sites show a synchronous stop in growth of most speleothem deposits (Stoll et al., 2013) . This has resulted in more focused studies which reconstruct smaller sections of the Holocene at high resolution (e.g. Dominguez-Villar et al., 2008; Dominguez-Villar et al., 2009; Martin-Chivelet et al., 2011; Baldini et al., 2015) . Further work is required to find a cave site which may produce a more complete Holocene speleothem record from this region.
Cueva de Asiul setting
The Matienzo valley (43°19'0''N, 3°35'28''W) is a ~26 km 2 closed karstic depression located in the Cantabrian Cordillera; within 40 km inland of the northern Iberian coastline in the province of Cantabria (Fig. 1) . This mountainous region is mainly composed of uplifted Cretaceous sediments with E-W trending fault lines. The exploitation of these fault lines by chemical weathering has led to the formation of large karstic depressions (Quin, 2010) and hundreds of kilometres of cave passage (Corrin & Smith, 2010) . Cueva de Asiul (285 m.a .s.l), located on the northern slope of the La Vega arm of the depression (Fig. 1) , is developed within thinly bedded Aptian limestone, broken by shallow sandstone lenses (Quin, 2010) . The hydrological recharge area above the cave system is home to a small range of shrub and grass communities, only controlled by periodic grazing activities. Soil depths of 50 cm are common, with sections of bedrock exposed across the hillside.
Cave description
Cueva de Asiul is a small cave system, with a cave volume of close to 2.7 x 10 5 litres. The cave is horizontal, extending 75 m into the hillside in a north westerly direction. Access is via a small entrance (<1.5 m 2 ), leading to a single passage with several high avens. The cave ends at 75 m at a calcited boulder choke (Fig. 2) . No streams exist within the cave, but drip water fed pools are found at 40 and 60 m depth into the system and remain year round. The karst above the cave is relatively shallow (10-40 m rock overburden), with the most limited overburden toward the entrance and where high avens are observed.
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CAVE AND CLIMATE MONITORING METHODS
To characterise the contemporary cave environment in which these speleothems are currently growing, a three-year climate and cave monitoring programme was initiated in 2010. This programme included high resolution logging of cave and external air temperature, cave air CO 2 content, cave air pressure, speleothem drip rate and drip water electrical conductivity (EC). In addition, sampling of event based rainfall allowed for the measurement of rainfall amount and isotopic (δ 18 O and δ 2 H) composition on a monthly scale. Monthly monitoring was also undertaken at the cave, including the measurement of soil air CO 2 content, bulk drip water collection and the analysis of this water for pH, EC, temperature and isotope composition (δ 18 O and δ 2 H).
External and cave air temperature
External and cave air temperatures were measured from April 2010 using a TinyTag Plus2 logger recording every 30 minutes (measurement uncertainly ± 0.02°C). External monitoring was undertaken within 250 m of Cueva de Asiul entrance, at 20 m higher altitude. Internal logging took place at 65 m depth into the cave system (Fig. 2) . One logger was suspended 1 m above the ground free of any rock contact and a second was in direct contact with the cave wall. These loggers showed very little difference in temperature (within logger error); data presented here comes from the suspended logger.
Rainfall and speleothem drip rates
Measurements of rainfall amount were undertaken during rainfall collection in the village of Matienzo (1 km Speleothem drip rate was measured at each of the main three speleothem sites (ASF, ASM and ASR). Drip rates were logged every ten minutes using acoustic Stalagmate drip loggers (Smith et al., 2015) from April 2010 (ASF) and May 2013 (ASR and ASM). Drip waters were also collected at each speleothem site as monthly bulk collections (a single container collecting all of one speleothems drip water for one month) for δ 18 O and δ 2 H analysis.
Cave, soil and external air CO 2 Cave air CO 2 was logged in the rear chamber of Cueva de Asiul every hour from February 2011 to November 2013 with one break in the record during the winter of 2011 due to logger malfunction. Soil CO 2 was also measured from October 2011 to November 2013 at 50 cm soil depth (believed to be the junction between the soil and epikarst zones) using a right angled tube with a ventilated base section buried beneath the soil surface and vertical access port to enable gas samples to be extracted or CO 2 levels to be measured (Fig. 3) . The soil tube was installed into a trench in January 2011 and completely covered with soil and the pre-existing vegetation; visual recovery of the area was complete by the end of the summer season. Monthly and automated CO 2 measurements of soil and cave air were taken using the same Vaisala Carbocap GM70 probe (working sensitivity of ± 10% of the reading). Carbon isotope (δ 13 C) analysis of soil and cave air was undertaken between December 2011 and October 2013 on a monthly basis. Soil air samples were extracted from the base of the soil sampling device via a small diameter silicon tube which was pre-fixed into the sampler (Fig. 3) . Air was then extracted using a 20 ml syringe and injected into a 12 ml pre-evacuated glass exetainer. Cave and external air was sampled in a similar fashion using a 20 ml syringe, injecting air directly into the pre-evacuated glass exetainer. External air samples from immediately adjacent to the cave entrance were collected on five occasions between 2011 and 2013 to give a baseline external δ 13 C in CO 2 . δ 13 C in all samples were analysed at the NERC Life Sciences Mass Spectrometry Facility, Lancaster node, CEH Lancaster, using a GV Instruments Tracegas Preconcentrator coupled to an Isoprime IRMS. Analytical errors were reported at one standard deviation as 0.16‰, and are reported relative to VPDB.
Modern carbonate deposits
Modern carbonate samples were collected by removing the top 100 µm of two actively depositing speleothems (ASM and ASR, Fig. 2) , and also using a glass plate to collect modern carbonate deposition integrated over a full annual cycle on the top of a third actively growing speleothem (ASF, Fig. 2 ). This carbonate was subsequently analysed for carbon and oxygen isotopes at the Stable Isotope Facilities, British Geological Survey, using an IsoPrime isotope ratio mass spectrometer with Multiprep device; average 2σ uncertainty is 0.07‰. Isotope values are reported relative to the international VPDB standard.
RESULTS

Rainfall dynamics in Matienzo
North western Iberian climate is dominated by its close proximity to the North Atlantic Ocean, setting this region apart from more southerly areas of Spain, which are also influenced by Mediterranean sourced precipitation. During this study, approximately 80% of Matienzo's prevailing air masses tracked over the North Atlantic (Fig. 4) , associated with westerly frontal systems (calculated via HYSPLIT modelling; Baldini et al., 2010; Draxler & Rolph, 2010) . The air mass history of each rainfall event was calculated using five-day (120-h) kinematic back trajectories originating from Matienzo (43°31'N, -3°58'W), for more detailed methodology see Baldini et al. (2010) . These models originate at the end of each rainfall collection day to encapsulate the whole rainfall event, this is essential as the peak rainfall period is unknown. Rainfall for three atmospheric levels was computed (850, 700 and 500 hecto-pascals, hPa) approximately 1500, 3015 and 5575 masl (Baldini et al., 2010) . As suggested by the Air Resources Laboratory (ARL) [part of National Oceanographic and Atmospheric Administration (NOAA)], atmospheric levels of 850 and 700 hPa were used for modelling to give a good approximation of where frontal and synoptic rainfall is delivered (Baldini et al., 2010) . The en-route uptake of moisture over the North Atlantic has been shown to be a major source of precipitation for sites in Western Europe (Baldini et al., 2010) , as expected in Matienzo (Fig. 4) . However, moisture delivery from the North Atlantic source region varies on a range of temporal scales, often influenced by atmospheric modes such as the North Atlantic Oscillation (NAO), Scandinavian pattern and a local expression of the East Atlantic/Western Russian pattern (Baldini et al., 2008; Roberts et al., 2012; Baldini et al., 2015) and changes in North Atlantic conditions. During the monitoring program, the Matienzo depression received approximately 1400 mm/ year of precipitation. This is slightly higher than the 1050 mm/ year received at the closest MET station in Summer (April to November) cave air temperatures were characterised by a gradual, stable increase from +13 to +14°C. Under winter conditions rapid reductions in cave temperature were observed, by up to 0.7°C (Fig. 6) .
CO 2 does not replicate with the same intensity of seasonality compared to that observed in the temperature records. Peak values of CO 2 were measured in June 2013 (2090 ppm) and low values prevail during October 2012 (360 ppm; Fig. 6 ). Much stronger seasonality was observed in soil air CO 2 measured on a monthly basis, demonstrating peak concentrations (4283 ppm) during the summer and low values (647 ppm) during the winter (Fig. 6 ). excess being dominant (Thornthwaite, 1948) during November -April each year.
Rainfall stable isotope monitoring shows δ
18 O values which range from -16.5 to +4.5‰ (mean = -4.9‰; 2σ = 6.1‰; n = 198) and δ 2 H ranging from -130.7 to +12.8‰ (mean = -27.4‰; 2σ = 43.8‰; n = 195). Producing a local meteoric water line of rainfall collected in Matienzo with a slope of 6.86 and an intercept of 5.8, slightly lower than the global meteoric water line (slope = 8.0; intercept = 10). On the monthly scale, the δ 18 O composition of rainfall in the Matienzo depression (monthly weighted mean) was strongly regulated by a rainfall amount effect (Pearson correlation; r 2 = 0.51; p < 0.01), with more negative isotopic values related to higher rainfall amounts (Fig. 5) and to a lesser extent by temperature (Pearson correlation; r 2 = 0.33; p < 0.01), where lower temperatures were related to more negative isotope values.
Air temperature and carbon dioxide dynamics
Average annual cave air temperature at 65 m underground in Cueva de Asiul (+13.7 ± 0.5°C) was very similar to the average external air temperature (+13.8°C), but with a temperature range of 1ºC at 65 m depth. Within this range, a clear seasonality of temperature was observed (Fig. 6) . Speleology, 45 (1), 1-9 . Tampa, FL (USA) January 2016
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Speleothem drip waters
All speleothem drip sites displayed constant dripping throughout the study years and a distinct seasonality in drip discharge. Peak discharge amounts varied between the speleothems but discharge maxima (0.91 l/day at ASF based upon an average drip volume = 0.076 ml) occurred at all sites during the winter. The summers were characterised by gradually decreasing drip rates (min 0.14 l/day at ASF) under dryer karst conditions at all sites, followed by a very rapid return to higher rates at the onset of seasonal rainfall. Superimposed upon this seasonal signal are discrete spikes in speleothem discharge which can range up to an additional 70 drips per hour (an additional <5.5 ml/ hour). δ 18 O analysis of speleothem ASF drip waters showed a range between -5.3 and -6.9‰ with an average value of -6.08‰ (n = 155).
DISCUSSION Cave air temperature and ventilation dynamics
In Cueva de Asiul, patterns of cave air temperature closely resemble the seasonality of external temperature cycles (Fig. 6) , indicating a dominant air density control upon ventilation regime (Wigley & Brown, 1976; Smith et al., 2015) . During the summer this temperature record is buffered by bedrock heating, resulting in a steady and uninterrupted rise in cave air temperatures (Fig. 6) . Under winter conditions, external air temperature drops significantly, and therefore transgresses more frequently below the cave internal temperature threshold, meaning colder external air can flow into the cave system over more of the diurnal cycle. Cold external air overwhelms the effect of bedrock heating, forcing cave air temperatures to remain low throughout the coldest part of the winter season (Fig. 6) . At the end of the winter, cave air temperatures begin to rise several weeks before any observed increase in external temperature (Fig. 6) (Smith et al., 2015) . This process is driven by a combination of cave air stagnation, as external air temperatures become very close to those internal to the cave environment, and the conduction of heat through surrounding bedrock, warming the cave air (Smith et al., 2015) .
CO 2 levels remain low within the cave during the summer, indicating a lack of CO 2 build up. CO 2 build up is thwarted in Cueva de Asiul by diurnal ventilation of the cave (Smith et al., 2015) . External diurnal temperature transgressions over the cave internal temperature threshold thereby keep CO 2 levels within the cave low throughout the summer.
High resolution CO 2 and cave air pressure monitoring have also identified an event scale ventilation process which can occur at any point of the year, independent of the dominant temperature driven ventilation. This secondary ventilation regime is driven by changes in external air pressure (Genty & Deflandre, 1998) which create a pressure gradient between the cave and external air (Smith et al., 2015) . When external pressure is low, this imbalance causes air to flow rapidly out of the cave system, aiding the drawdown of karst and soil air on an event (hourly) scale. This pressure driven process causes small scale perturbations to cave air CO 2 content due to the high pCO 2 content of air within the soil zone being drawn into the cave.
To further assess the sources of CO 2 in Cueva de Asiul, monitoring for δ 13 C in CO 2 was undertaken on a monthly basis, both within the cave but also in the soil zone (Fig. 6 ) and using external air samples. The highest cave air δ 13 C measurements (-10.9‰) are similar to those taken in the open atmosphere (-8.9‰ ) highlighting the importance of external air ventilation even at 65 m depth into the cave (Fig. 7) . The lowest δ 13 C in cave air CO 2 (-16‰) indicates a CO 2 source enriched in 12 C, with mixing model end member values calculated as low as -46‰ (Fig. 7) . This calculated end member is lower than either the measured soil δ 13 C (-21‰) or the calculated soil zone end members (-34‰). The very low δ 13 C values calculated in this mixing model potentially indicate microbial oxidation of methane within the soil, upper karst or a ground air component (Mattey et al., 2013; Mattey et al., 2010) . δ 13 C in CO 2 and cave temperature highlight the importance of two key processes in controlling the composition of cave air. These are 1. ventilation of the cave chamber with external air, and 2. draw down of 'ground air' through the karst. These two processes combine, creating a relatively low pCO 2 environment year round, meaning that speleothem deposition is not systematically limited for long periods during any one season. 
Karst recharge dynamics
Rainfall isotope monitoring highlights a strong amount effect in modern precipitation at this site (Fig. 5) . However, the degree to which external rainfall dynamics are preserved within speleothem calcite demands an understanding of the karst hydrological system.
Drip monitoring studies in Cueva de Asiul show that speleothems are constantly supplied with supersaturated karst water, facilitating year round carbonate deposition. Water excess calculations indicate that these karst waters are sourced primarily from winter rainfall, with evapotranspiration limiting the ingress of summer rainfall to only the largest events (Fig. 8) 
Transfer of climate signals into modern carbonate deposits
Karst processes are shown to effectively transfer an average δ 18 O signal to the site of speleothem growth (Fig. 9) . To ensure that this signal is accurately incorporated into depositing carbonate, we analyse the δ 18 O in modern carbonate from both the very top of speleothem deposits (ASR and ASM) and calcite This fractionation factor has proved more effective at calculating real in cave δ 18 O fractionation between drip water and speleothem calcite than laboratory based calculations and presents a range of δ 18 O fractionation at which palaeoclimate reconstructions may be made (Tremaine et al., 2011 
CONCLUSION
Cave monitoring in Cueva de Asiul focused on understanding the growth environment for speleothems that have been extracted for palaeoclimate reconstruction. The cave has a complex ventilation system driven by diurnal changes in external temperature and air pressure, resulting in relatively low cave air pCO 2 , which promotes the growth of speleothems year round. Super-saturated waters entering the cave preserve a smoothed rainfall δ 18 O signature and precipitate speleothem carbonate under similar fractionation conditions as other cave sites. Speleothems from this cave are therefore thought ideal for preserving records of rainfall amount and may potentially offer insights into changes in the Cave's major rainfall source region, the North Atlantic.
